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ABSTRACT 

A p r e s e n t a t i o n  e n t i t l e d  "Space Tug Opera t iona l  
Requirements f o r  S a t e l l i t e  Placement, R e v i s i t ,  and R e t r i e v a l "  
w a s  g iven  a t  t h e  Symposium on Chemical Orb i t - to -Orb i t  S h u t t l e s ,  
h e l d  a t  Langley Research Center on June 23-24 ,  1 9 7 0 .  This  
memorandum recoun t s  some of t h e  p r i n c i p a l  p o i n t s  addressed  
i n  t h e  p r e s e n t a t i o n .  

The i n t e r a c t i o n  of t h e  s p a c e  t u g  w i t h  o t h e r  In-  
t e g r a t e d  Program hardware is explored  t o  g a i n  a n  a p p r e c i a t i o n  
of t h e  r e l a t i v e  m e r i t s  of p o s s i b l e  o p e r a t i o n a l  modes. These 
modes i n c l u d e  1) ground based, u t i l i z i n g  t h e  s p a c e  s h u t t l e  
on ly ,  and t h e  s h u t t l e  and t u g ;  and 2 )  space  based ,  u t i l i z i n g  
t h e  t u g  a t  t h e  space  S t a t i o n  ( o r  a t  a p r o p e l l a n t  f a c i l i t y  
s e p a r a t e  from t h e  space  s t a t i o n ) .  I n  ensuing  d i s c u s s i o n ,  
r eg ions  of t h e  sky a c c e s s i b l e  wi th  each mode are considered:  
and t h e n  t h e  r e l a t i o n s h i p s  of t h e  d i f f e r e n t  modes w i t h  re- 
s p e c t  t o  one a n o t h e r  are viewed. The n a t u r e  and complexi ty  
of o p e r a t i o n a l  t r a d e o f f s  involved and t h e i r  p o t e n t i a l  impact 
on Tug s i z i n g  are i n  cour se  examined. S e v e r a l  of t h e  view- 
graphs c o n t a i n  d a t a  n o t  covered i n  prev ious  memoranda and 
are dwel t  upon i n  r e l a t i v e l y  greater d e t a i l .  

I t  i s  noted  t h a t  s e l e c t i o n  of o p e r a t i o n a l  modes 
i s  perhaps as s i g n i f i c a n t  as s e l e c t i o n  of space  t u g  s i z e  
and d e s i g n  c o n f i g u r a t i o n .  Acceptance of complex modes 
can enab le  c o n s i d e r a b l e  reduct ion  i n  t u g  s i z e  and s impl i -  
f i c a t i o n  of des ign  ( through re laxed  weight  c o n s t r a i n t s ) .  
Moreover i t  i s  n o t  c l e a r  t h a t  e i t h e r  space  based o r  ground 
based o p e r a t i o n s  are p r e f e r a b l e  throughout  t h e  complete 
spectrum of miss ions .  Both may have a role i n  s e l e c t e d  
r e g i o n s  of t he  sky. 
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MEMORANDUM FOR FILE 

A p r e s e n t a t i o n  by t h e  a u t h o r  e n t i t l e d  "Space Tug 
Opera t iona l  Requirements f o r  S a t e l l i t e  Placement,  R e v i s i t ,  
and R e t r i e v a l "  w a s  g iven  a t  t h e  Symposium on Chemical O r b i t -  
t o -Orb i t  S h u t t l e s  (Reference l ) ,  h e l d  a t  Langley Research 
Center  on June 2 3 - 2 4 ,  1970. The viewgraphs are conta ined  
i n  t h e  at tachment .  This  memorandum d i s c u s s e s  some of t h e  
p r i n c i p a l  p o i n t s  addressed i n  t h e  p r e s e n t a t i o n .  Seve ra l  
of t h e  viewgraphs c o n t a i n  d a t a  n o t  covered i n  p rev ious  
memorandum and are  dwel t  upon i n  r e l a t i v e l y  g r e a t e r  d e t a i l .  

The s a t e l l i t e  placement and re t r ieva l  problem i s  
reduceable  t o  s e v e r a l  component problems 

S p a t i a l  d i s t r i b u t i o n  o f  s a t e l l i t e s ,  and 

Transpor t a t ion  t o  and from sa t e l l i t e  o r b i t s .  

The p r e s e n t  d i s c u s s i o n  cons ide r s  on ly  t h e  t r a n s p o r t a t i o n  
i s s u e .  The i n t e r a c t i o n  of t h e  Space Tug w i t h  o t h e r  In- 
t e g r a t e d  Program hardware i s  explored t o  g a i n  an aPPre- 
c i a t i o n  of t h e  r e l a t i v e  m e r i t s  of p o s s i b l e  o p e r a t i o n a l  
modes. N o  a t t empt  i s  made t o  draw conclus ions ;  r a t h e r  
t h i s  d i s c u s s i o n  examines t h e  n a t u r e  and complexity of 
o p e r a t i o n a l  t r a d e o f f s  involved and t h e i r  p o t e n t i a l  impact 
on Tug s i z i n g  and r e q u i r e d  p r o p e l l a n t  f r a c t i o n .  

F igu re  1 

The t u g  i s  viewed f i r s t  i n  t h e  c o n t e x t  of  t o t a l  
program requirements  (Reference 2 ) .  The t u g  i s  t o  f u l f i l l  
requi rements  i n  e a r t h  o r b i t ,  l una r ,  and p l a n e t a r y  miss ion  
areas. The e a r t h  o r b i t  mission area i s  c u r r e n t l y  deemed 
f i r s t  i n  o r d e r  of  p r i o r i t y .  S a t e l l i t e  placement,  r e v i s i t  
and r e t r i e v a l  miss ions  are  the  most demanding e a r t h  o r b i t  
miss ions  i n  t e r m s  of r e q u i r e d  s t a g e  performance. Other 
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miss ions  i n  e a r t h  o r b i t  r e q u i r e  r e l a t i v e l y  low v e l o c i t y  
changes.  Requirements of l u n a r  and p l a n e t a r y  miss ion  a r e a s  
tend  t o  degrade s t a g e  performance by i n c r e a s i n g  s t a g e  weight .  

F i g u r e  2 

The fo l lowing  c h a r t  summarizes means by which 
s a t e l l i t e  placement and r e t r i eva l  o p e r a t i o n  cou ld  be 
performed; e i t h e r  from t h e  ground v i a  1) space  s h u t t l e  
on ly  or  2 )  space  s h u t t l e  and tug; o r  o n - o r b i t  v i a  t h e  t u g  
i n  a s s o c i a t i o n  wi th  a space  s t a t i o n  o r  p r o p e l l a n t  l oad ing  
f a c i l i t y .  Ground based launch provides  d i r e c t  access t o  
a l l  i n c l i n a t i o n s  above 28.5O v i a  a l l  azimuth l a u n c h .  On- 
o r b i t ,  o p e r a t i o n s  are presumed t o  i n i t i a t e  from a space  
s t a t i o n  a t  270  nm a l t i t u d e ,  55O i n c l i n a t i o n  so t h a t  o t h e r  
i n c l i n a t i o n s  would be accessible only  by p l a n e  change. 
P r o p e l l a n t  f a c i l i t i e s  or r e f u e l i n g  by t h e  space  s h u t t l e  
a t  h i g h e r  o r  lower i n c l i n a t i o n s  would be r e q u i r e d  t o  en-  
a b l e  more complete sky coverage t o  be achieved .  

I n  ensuing  d i s c u s s i o n ,  r eg ions  of t h e  sky a v a i l a b l e  
t o  each hardware element combination are cons ide red ;  and then  
t h e  r e l a t i o n s h i p s  of t h e  d i f f e r e n t  hardware combinations w i t h  
r e s p e c t  t o  one ano the r  are viewed. 

F igu re  3 

Estimated payload c a p a b i l i t y  of t h e  space  s h u t t l e  
t o  v a r i o u s  a l t i t u d e  and i n c l i n a t i o n s  (Reference 3)  i s  shown 
i n  t h e  nex t  f i g u r e .  Cases f o r  nominal payload s i z e s  of 
25,000 l b s  and 50,000 l b s  a r e  given,  where nominal payload 
i s  s p e c i f i e d  t o  be round t r i p  payload t o  and from a space  
s t a t i o n  a t  270 nm a l t i t u d e  and 55O i n c l i n a t i o n .  N o t e  t h a t  
t h e  maximum a l t i t u d e  t h a t  can be reached a t  l o w  i n c l i n a t i o n  
i s  on t h e  o r d e r  of 1 0 0 0  nm and t h a t  t h e  payload t o  a g iven  
a l t i t u d e  dec reases  s i g n i f i c a n t l y  a t  h ighe r  i n c l i n a t i o n s .  
The maximum payload d e l i v e r e d  t o  o r b i t  a t  a s p e c i f i e d  
i n c l i n a t i o n  i s  determined by t h e  payload t o  minimum a l t i t u d e ,  
a t  approximately 1 0 0  nm. Note t h a t  a t  1 0 0  nm a l t i t u d e ,  28.5' 
i n c l i n a t i o n  t h e  25,000 l b  s h u t t l e  can d e l i v e r  a maximum of 
5 0 , 0 0 0  l b s  and t h e  50,000 l b  s h u t t l e  can d e l i v e r  8 0 , 0 0 0  l b s .  
For l o w e r  i n c l i n a t i o n s  t h e  s h u t t l e  must p rov ide  p l ane  change 
and payload d iminishes  r a p i d l y .  
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I n  t h e  ensuing d i s c u s s i o n ,  t h e  25,000 l b  s h u t t l e  
i s  presumed s i n c e  performance s e n s i t i v i t y  f o r  o p e r a t i o n s  
i n  a s s o c i a t i o n  wi th  t h e  space  tug  i s  g r e a t e r  and o p e r a t i o n s  
wi th  t h e  t u g  are more cons t r a ined ,  underscor ing  t h e  opera-  
t i o n a l  t r a d e o f f s  involved.  

F igu re  4 

Ground based ope ra t ions  u t i l i z i n g  t h e  space s h u t t l e  
and space  t u g  a r e  cons idered  next .  The f i g u r e  i l l u s t r a t e s  r e g i o n s  
of a c c e s s i b i l i t y  over  t h e  range of a l t i t u d e s  and i n c l i n a t i o n s  
f o r  a r e p r e s e n t a t i v e  se t  of hardware and payload.  A 25,000 
l b  s h u t t l e ,  50,000 l b  t u g  and 1 0 , 0 0 0  l b  d i s c r e t i o n a r y  payload 
are  assumed. The 50,000 t u g  corresponds t o  t h e  maximim pay- 
load  t h e  25,000 l b  s h u t t l e  can d e l i v e r  t o  o r b i t  ( a t  1 0 0  nm, 
28O i n c l i n a t i o n ) .  For h ighe r  i n c l i n a t i o n s  t h e  t u g  i s  o f f -  
loaded such t h a t  p r o p e l l a n t  a v a i l a b l e  i s  equa l  t o  s h u t t l e  
payload t o  1 0 0  nm minus t u g  dry weight  and d i s c r e t i o n a r y  
payload.  A s p e c i f i c  impulse,  I s p ,  of 460  sec and p r o p e l l a n t  
f r a c t i o n  ( A )  of .88 a r e  assumed f o r  t h e  tug .  ( I t  i s  noted  
t h a t  t h e  performance f i g u r e s  are r e l a t i v e l y  o p t i m i s t i c . )  
The t h r e e  curves  i n d i c a t e  reg ions  of a c c e s s i b i l i t y  f o r  
1 0 , 0 0 0  lb payload placement and 1 0 , 0 0 0  l b  payload r e t r i e v a l  
f o r  t h e  s h u t t l e  and t u g  and f o r  comparison, payload p lace-  
ment u s i n g  t h e  s h u t t l e  only.  

A b r i e f  d e s c r i p t i o n  of t h e  r eg ions  of a c c e s s i b i l i t y  
c a n  p rov ide  some basic i n s i g h t  i n t o  t h e  complexity of t h e  
t r a d e o f f s  involved.  Consider f i r s t  t h e  payload placement 
case: 

Maximum a l t i t u d e  i s  achieved a t  28.5O 
i n c l i n a t i o n .  

I n  t h e  reg ion  from 0' - 28.5O i n c l i n a t i o n  
a c c e s s i b i l i t y  i s  achieved by t u g  p l ane  
change, s i n c e  t h e  s h u t t l e  cannot  reach 
t h e s e  i n c l i n a t i o n s  d i r e c t l y .  As a con- 
sequence ach ievab le  a l t i t u d e  f a l l s  o f f  
r a p i d l y .  

I n  t h e  reg ion  from 28.5O t o  about  9 0 °  
i n c l i n a t i o n ,  d i r e c t  launch i s  ach ievab le  
and a c c e s s i b l e  a l t i t u d e  f a l l s  o f f  r e l a -  
t i v e l y  s lowly.  Through t h i s  r eg ion ,  a 
complex t r a d e o f f  e x i s t s  between, 1) d i r e c t  
i n j e c t i o n ,  and 2 )  s h u t t l e  launch t o  reduced 
i n c l i n a t i o n  accompanied by t u g  p l ane  change 
t o  t h e  d e s i r e d  i n c l i n a t i o n s .  This  e f f e c t  
becomes a dominant f a c t o r  f o r  i n c l i n a t i o n s  
between 70' and 9 0 "  and i s  approximately 
inco rpora t ed  i n  t h i s  range.  
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I n  t h e  r eg ion  above 90°  i n c l i n a t i o n ,  
s h u t t l e  payload t o  100  nm i s  so reduced 
t h a t  p l ane  change by t h e  t u g  i s  r e q u i r e d  
and payload f a l l s  o f f  r a p i d l y .  This  re- 
g ion  i s  impor tan t  i n  t h a t  it encompasses 
sun-synchronous o r b i t s .  

The s i t u a t i o n  i s  somewhat a l t e r e d  f o r  s a t e l l i t e  
r e t r i eva l .  I t  would i n t u i t i v e l y  be expec ted  t h a t  s a t e l l i t e  
placement would be easier than r e t r i eva l ,  from a performance 
s t a n d p o i n t ,  s i n c e  growth f a c t o r  s e n s i t i v i t y  ( g r o s s  weight  
p e r  pound of payload f o r  a given r o u n d t r i p  miss ion  v e l o c i t y )  
i s  s u b s t a n t i a l l y  less. However, i n  t h e  payload re t r ieva l  
case cons iderably  more t u g  p r o p e l l a n t  i s  ava i lab le  as t h e  
d i s c r e t i o n a r y  payload is  n o t  launched from ground. For 
t h e  l a r g e  1 0 , 0 0 0  l b  payload t h e  greater p r o p e l l a n t  supply 
i n  t h e  re t r ieva l  case o f f s e t s  t h e  i n c r e a s e d  growth f a c t o r  
s e n s i t i v i t y ,  and a t  i n c l i n a t i o n s  under 60'  performance f o r  
payload placement and r e t r i e v a l  are  a lmost  i d e n t i c a l .  A t  
h i g h e r  i n c l i n a t i o n s  t h e  p r o p e l l a n t  a v a i l a b l e  f o r  payload 
r e t r i e v a l  enab le s  d i r e c t  s h u t t l e  launch t o  be achieved t o  
i n c l i n a t i o n s  i n  excess  of 120'  and a l t i t u d e s  i n  excess  of 
400 nm. Consider a b r i e f  example t o  demonstrate t h i s  po in t :  

A t  60° i n c l i n a t i o n  s h u t t l e  payload t o  1 0 0  nm = %40,000 l b s  

P 1 acemen t R e  t r  i eva 1 

S h u t t l e  payload 40,000 l b s  40,000 lbs  

L e s s :  Tug d r y  w e i g h t  6,000 6,000 

L e s s :  D i sc re t iona ry  payload 10,000 --------- 

P r o p e l l a n t  Ava i l ab le  24,000 l b s  34,000 lbs  

Roundtrip AV A v a i l a b l e  f o r  Tug 9,250 f p s  9,650 f p s  

A t  l o o o  i n c l i n a t i o n  s h u t t l e  payload t o  100 nm = 2 0 , 0 0 0  l b s  

Placement R e  t r i eva  1 

S h u t t l e  payload 20,000 l b s  20,000 lbs 

L e s s :  Tug d r y  weight 6,000 6,000 

L e s s :  D i sc re t iona ry  payload 10,000 ---------- 
P r o p e l l a n t  Avai lable  4,000 l b s  14,000 lb s  

AV avai lab le  2 , 2 0 0  f p s  5,700 f p s  
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The t r a d e o f f  between placement and r e t r i e v a l  would 
be s u b s t a n t i a l l y  modif ied f o r  sma l l e r  payloads where o f f l o a d i n g  
i s  less s i g n i f i c a n t .  

F igu re  5 

Consider  n e x t  space  based o p e r a t i o n s  i n  a s s o c i a t i o n  
w i t h  a space  s t a t i o n .  O r b i t s  precess as a f u n c t i o n  of t h e i r  a l -  
t i t u d e  and i n c l i n a t i o n ;  t hus  r e l a t i v e  p r e c e s s i o n  Of t h e  l i n e s  of 
nodes between t h e  space  s t a t i o n  and s a t e l l i t e  o r b i t s  u s u a l l y  
r e s u l t s .  The t r a n s f e r  v e l o c i t y  between o r b i t s  has  an a s s o c i a t e d  
t i m e  r e l a t i o n s h i p  which i s  dependent on t h e  phas ing  of t h e  
o r b i t s  (as i n d i c a t e d  f o r  t h r e e  r e p r e s e n t a t i v e  o r b i t s )  . S a t e l -  
l i t e  placement i s  n o t  s i g n i f i c a n t l y  a f f e c t e d  by t h i s  phas ing  
r e l a t i o n s h i p  s i n c e  placement i s  u s u a l l y  independent  of t h e  
l o c a t i o n  of t h e  l i n e  of node$* and minimum t r a n s f e r  v e l o c i t i e s  
t o  t h e  o r b i t  i s  u t i l i z e d .  However, s a t e l l i t e  r e v i s i t  and 
r e t r i e v a l  would be s u b j e c t  t o  such o p e r a t i o n a l  c o n s t r a i n t s  
and it would be necessary  t o  accommodate t h e  phasing problem. 
I n  t h e  even t  of s a t e l l i t e  f a i l u r e ,  f o r  example, e i t h e r  a 
s p a r e  would have t o  be a v a i l a b l e ,  t h e  extended downtime 
would have t o  be accepted ,  or some form of h igh  energy 
maneuver such as t u g  s t a g i n g  would have t o  be employed. 
I t  may be noted  t h a t  s l i g h t  s e p a r a t i o n  i n  o r b i t s  (low 
minimum t r a n s f e r  AV) r e s u l t s  i n  low r e l a t i v e  p recess ion  
ra tes  and long phasing pe r iods  (few minimum AV t r a n s f e r  
o p p o r t u n i t i e s i  whereas o r b i t s  w i t h  l a r g e  s e p a r a t i o n  (h igh  
minimum t r a n s f e r  AV) experience h igh  r e l a t i v e  p recess ion  
r a t e s  and t h e r e f o r e  s h o r t  phasing p e r i o d s  (many minimum 
AV t r a n s f e r  o p p o r t u n i t i e s ) .  

F i g u r e  6 

nominal 2 7 0  nm, 55O i n c l i n a t i o n  space s t a t i o n  o r b i t  (Refer- 
ence  4 )  are shown f o r  va r ious  A V ' s .  N o t e  t h a t  p l a n e  change 
t o  accommodate nodal  s e p a r a t i o n  i s  extremely expensive; 
f o r  a p l ane  change of less  than 30°, a v e l o c i t y  change of 
1 0 , 0 0 0  f p s  i s  r e q u i r e d .  ( F o r  a r e c o v e r a b l e  system t w i c e  
t h e  v e l o c i t y  would of course  be needed.)  The maximum range 
of i n c l i n a t i o n s  t h a t  are a v a i l a b l e  can be determined f o r  
t h e  v a r i o u s  A V ' s  when nodal  s e p a r a t i o n  i s  z e r o .  For ex- 
ample w i t h  1 0 , 0 0 0  f p s  each way, i n c l i n a t i o n s  from 30' t o  
80'  are a c c e s s i b l e  ( a t  some t i m e ) .  The p e r i o d  of a c c e s s i -  
b i l i t y  would be a f u n c t i o n  of t h e  r e l a t i v e  p r e c e s s i o n  ra te  
between o r b i t s .  

Low a l t i t u d e  c i r c u l a r  o r b i t s  a c c e s s i b l e  from t h e  

*An impor tan t  except ion are sun-synchronous o r b i t s  
where t h e  l o c a t i o n  of t h e  l i n e  of nodes i s  s e l e c t e d  t o  
ach ieve  d e s i r e d  l i g h t i n g  cond i t ions .  
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Figure  7 

Tug s t a g i n g  could  enable  ex t remely  h igh  r o u n d t r i p  
v e l o c i t i e s  t o  be achieved f o r  l a r g e  a l t i t u d e  and i n c l i n a t i o n  
(or nodal  a l ignment)  changes. Three p o s s i b l e  t r a n s p o r t a t i o n  
modes a r e  shown (Reference 2 ) .  Mode 1 i s  a s imple  r o u n d t r i p  
between a d e p a r t u r e  o r b i t  and the  f i n a l  o r b i t .  Departure  
o r b i t  could  be e i t h e r  from t h e  Space S t a t i o n  o r b i t ,  t h e  
space  s h u t t l e ,  o r  a p r o p e l l a n t  depot .  The f i n a l  o r b i t  
could  be any low o r  h igh  a l t i t u d e  e a r t h  o r b i t ,  o r  l u n a r  
o r b i t .  I n  Mode I1 stage one c a r r i e s  S tage  I1 and payload 
t o  an i n t e r m e d i a t e  o r b i t  and r e t u r n s  t o  t h e  d e p a r t u r e  o r b i t .  
S t age  I1 proceeds t o  t h e  f i n a l  o r b i t  w i t h  payload and a l s o  
r e t u r n s .  Mode I11 i s  a p e r t u r b a t i o n  of Mode I1 whereby t h e  
second s t a g e  i s  r e t u r n e d  t o  an i n t e r m e d i a t e  pa rk ing  o r b i t  
and r e t r i e v e d  by t h e  f i r s t  stage which i s  r e f u e l e d .  The 
r e t r i e v a l  could  be achieved as p a r t  of t h e  s a m e  miss ion  
sequence o r  on a subsequent  mission. 

F i g u r e  8 

Performance t h a t  i s  ach ievab le  by use  of t h e s e  
modes i s  i l l u s t r a t e d  by t h e  next  c h a r t  which i n d i c a t e s  s t a g e  
growth f a c t o r s  f o r  r o u n d t r i p  payloads.  A s  an example, u s i n g  
Mode I1 a 5 , 0 0 0  lb payload can be d e l i v e r e d  r o u n d t r i p  t o  
geosynchronous o r b i t  from t h e  nominal space  s t a t i o n  o r b i t  
u s ing  t w o  5 0 , 0 0 0  l b  tugs  wi th  a A o f  .85.  Using Mode I11 
( t w o  t u g s  and t h r e e  f u e l  l oads )  a 1 0 , 0 0 0  l b  payload can be 
d e l i v e r e d  r o u n d t r i p  t o  geosynchronous o r b i t .  

F i g u r e  9 

R e c a l l i n g  t h e  ve loc i ty - t ime  dependency f a c t o r  
governing space  based ope ra t ions ,  Modes I ,  11, and I11 
can be  used t o  d e l i v e r  a s m a l l  ( l o 0 0  l b )  manipula tor  pay- 
load  t o  l o w  i n c l i n a t i o n ,  geosynchronous, and sun-synchronous 
o r b i t s  r e s p e c t i v e l y .  Note t h a t  on ly  one minimum AV oppor- 
t u n i t y  p e r  y e a r  i s  a v a i l a b l e  f o r  t h e  l o w  i n c l i n a t i o n  o r b i t  
whereas f ive  minimum o p p o r t u n i t i e s  a r e  a v a i l a b l e  f o r  sun- 
synchronous o r b i t .  The geosynchronous o r b i t  would be con- 
t i n u o u s l y  a v a i l a b l e  because the  o r b i t  does n o t  p recess .  
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Figure  1 0  

Now t h a t  space  based and ground based o p e r a t i o n s  
have been d i scussed  s e p a r a t e l y ,  t h e  i n t e r a c t i o n  of t h e  v a r i o u s  
modes, and how they  might complement each o t h e r  can be cons idered .  
Regions of a c c e s s i b i l i t y  are shown f o r  space  s h u t t l e  on ly ,  space  
t u g  i n  a s s o c i a t i o n  w i t h  t h e  s h u t t l e ,  and space  t u g  i n  associa- 
t i o n  w i t h  t h e  space  s t a t i o n .  Again, a 2 5 , 0 0 0  l b  space  s h u t t l e  
and 5 0 , 0 0 0  l b  t u g  ( I s p  = 460 sec, x = . 8 8 )  are s e l e c t e d .  A 
$000 l b  payload p l aced  i n  o r b i t  i s  presumed f o r  t h i s  example. 
I t  w a s  assumed t h a t  t h e  t u g  would be o f f  loaded t o  u t i l i z e  
t h e  f u l l  payload c a p a b i l i t y  of t h e  s h u t t l e  when o p e r a t i n g  i n  
t h e  ground based mode, b u t  would be f u l l y  loaded when o p e r a t i n g  
from t h e  space  s t a t i o n .  Although t h i s  would n o t  r e s u l t  i n  a 
d i r e c t  comparison on t h e  b a s i s  of an  e q u a l  number of space  
s h u t t l e  f l i g h t s  ( s i n c e  more than one s h u t t l e  f l i g h t  would be 
r e q u i r e d  t o  d e l i v e r  a f u l l  p r o p e l l a n t  load  f o r  t h e  t u g  opera- 
t i n g  from t h e  space s t a t i o n )  it does enable  a comparison of 
mis s ions  of equa l  complexity;  t h a t  i s ,  a s i n g l e  t u g  f l i g h t .  

A comparison of t h e  r eg ions  of a c c e s s i b i l i t y  shows 
t h a t  t h e r e  i s  cons ide rab le  ove r l ap  between space  based and 
ground based modes. Geosynchronous o r b i t  i s  n o t  a c c e s s i b l e  
i n  any mode (wi th  a $000 l b  payload) ;  sun-synchronous o r b i t s  
i n  excess  of J O O O  nm are a c c e s s i b l e  by t h e  t u g  and s h u t t l e ,  
and l o w  sun-synchronous o r b i t s  are a c c e s s i b l e  by t h e  s h u t t l e  
on ly .  The curves d ive rge  a t  high a l t i t u d e s  because escape  
v e l o c i t y  i s  achieved.  

F i g u r e  11 

The nex t  c h a r t  shows a s i m i l a r  arrangement,  b u t  
f o r  5,000 l b  payload r e t r i e v a l  i n  l i e u  of 5 0 0 0  l b  payload 
placement.  T i m e  becomes an impor tan t  f a c t o r  f o r  payload 
r e t r i e v a l  f o r  o p e r a t i o n s  i n  a s s o c i a t i o n  wi th  t h e  space  
s t a t i o n .  An a d d i t i o n  t o  t h e  f i g u r e  has  been in t roduced  t o  
i n c o r p o r a t e  t h i s  cons ide ra t ion .  The dashed l i n e s  show t h e  
locus  of o r b i t s  of c o n s t a n t  r e l a t i v e  p r e c e s s i o n  w i t h  r e s p e c t  
t o  t h e  space  s t a t i o n  (which i n c i d e n t l y  has  an absolu te  pre-  
c e s s i o n  r a t e  of 4.57day).  T h e s e  l i n e s  a r e  labeled accord ing  
t o  t h e  number of o p p o r t u n i t i e s  p e r  y e a r  t h a t  w o u l d  be a v a i l -  
able f o r  r e t r i e v a l  o r  r e v i s i t .  Note t h a t  a fami ly  of o r b i t s  
e x i s t s  i n  which s a t e l l i t e s  would always be a v a i l a b l e  i f  
nodal  a l ignments  were c l o s e  t o  t h a t  of t h e  space  s t a t i o n .  
O t h e r w i s e ,  t h e s e  o r b i t s  would never  be a c c e s s i b l e  ( i . e . ,  i f  
nodal  s e p a r a t i o n  was i n i t i a l l y  t o o  g r e a t ) .  This  fami ly  of 
o r b i t s  has  no r e l a t i v e  p recess ion  v i t h  r e s p e c t  t o  t h e  space  
s t a t i o n  and hence would be of extreme importance f o r  p lace-  
ment of s a t e l l i t e s  r e q u i r i n g  f r e q u e n t  s e r v i c i n g  and r e p a i r .  
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The r e g i o n  of a c c e s s i b i l i t y  from t h e  space  s t a t i o n  
i s  completely encompassed by t h e  r e g i o n  a c c e s s i b l e  from t h e  
s h u t t l e  and tug .  Again geosynchronous and sun-synchronous 
o r b i t s  are n o t  a c c e s s i b l e  from t h e  s t a t i o n  b u t  sun-synchronous 
o r b i t s  would be a c c e s s i b l e  by t h e  t u g / s h u t t l e  combination. 

F i a u r e  1 2  

Geosynchronous o r b i t  p r e s e n t s  a p a r t i c u l a r l y  d i f -  
f i c u l t  problem i n  a l l  modes u t i l i z i n g  a s i n g l e  t u g .  The 
f i n a l  c h a r t  i n d i c a t e s  why. Stage growth f a c t o r s  are g iven  
as a f u n c t i o n  of X f o r  r e p r e s e n t a t i v e  s p e c i f i c  impulses .  
Payload placement,  r e t r i e v a l ,  and r o u n d t r i p  cases a r e  shown. 
A A of about  .86 i s  t h e  lower t h r e s h o l d  f o r  ach iev ing  geo- 
synchronous o r b i t  w i t h  s m a l l  payloads.  Below X = . 8 8  sen- 
s i t i v i t y  t o  X and I s p  i s  extremely h igh  and a X of a t  l ea s t  
.90  i s  necessary  t o  ach ieve  re t r ieval  miss ions .  The round- 
t r i p  miss ions  are  extremely expensive f o r  r e p r e s e n t a t i v e  
payloads of between 5,000 and 1 0 , 0 0 0  l b s .  T o  d e l i v e r  a 
1 0 , 0 0 0  l b  payload or  r e t r i e v e  a 5 , 0 0 0  l b  payload would 
r e q u i r e  a t u g  of about  80 ,000  l b s  wi th  a X of .90.  Such 
a t u g  would only  be compatible  w i t h  t h e  l a r g e  50,000 l b  
space  s h u t t l e  so t h a t  t h e  s h u t t l e  c h a r a c t e r i s t i c s  looms 
as a pr imary c o n s t r a i n t  f o r  performing such geosynchronous 
miss ions .  Tug s t a g i n g  wi th  smal l  t u g s  of 5 0 , 0 0 0  l b s  and 
X = .85 can, however, enable  t h e s e  miss ions  t o  be achieved 
from t h e  space  s t a t i o n  wi th  cons ide rab le  margin t o  s p a r e .  

I n  summary, se lec t ion  of o p e r a t i o n a l  modes i s  
perhaps  as s i g n i f i c a n t  a s  s e l e c t i o n  of  space  t u g  s i z e  and 
d e s i g n  c o n f i g u r a t i o n .  Acceptance of complex modes can 
e n a b l e  cons ide rab le  s i m p l i f i c a t i o n  of des ign .  Moreover 
it i s  n o t  clear t h a t  e i t h e r  space based o r  ground based 
o p e r a t i o n s  are p r e f e r a b l e  throughout  t h e  spectrum of 
miss ions .  
of t h e  sky. 

Both may have a r o l e  i n  s e l e c t e d  r eg ions  

1013-MHS-klm M. H. S k e e r  

Attachments 
F igu res  1 - 1 2  
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OPERATIONAL MODES 

GROUND BASED 

SHUTTLE ONLY 

SHUTTLE AND TUG 

SPACED BASED 
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TUG AT PROPELLANT FACILITY 
(SEPARATE FROM SPACE STATION) 

FIGURE 2 
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